THIN THE marrow cavity, the hematopoietic mi-W croenvironment provides structural and functional niches that support the proliferation and differentiation of hematopoietic progenitor Essential elements include both hematopoietic (lymphocytes and monocytes/ macrophages) and nonhematopoietic (endothelial cells, fibroblasts, adventitial reticular cells, fat cells) stromal cells, extracellular matrix (ECM) products, and growth-regulating cyt~kines.~ Long-term marrow culture (LTMC) assays have been developed for murine: canine: and human6 hematopoiesis. Heterogeneous adherent cells in these cultures create a microenvironment that shares many of the properties of the in vivo marrow microenvironment. LTMC systems can maintain hematopoietic progenitors for many weeks, and have been useful in the study of normal progenitor cell growth r e g~l a t i o n~-~ and to determine the roles of progenitors and microenvironmental cells in pathologic processes. For example, the microenvironmental defect responsible for the anemia in Steel mice and the progenitor cell defect found in W mice were faithfully reproduced in murine LTMC.l0 In addition, LTMC studies in humans with myeloproliferative disorders have characterized patterns of clonal hematopoiesis in vitro11J2 and have provided a method to purge malignant cells from the marrow of some patients with chronic myelogenous leukemia for subsequent autologous tran~p1antation.l~
To study the role of the marrow microenvironment in the pathophysiology of hematologic disorders associated with feline leukemia virus (FeLV), we developed a LTMC system using feline marrow cells. FeLV, a non-oncogenecontaining retrovirus (subfamily Oncomavirinae), is a major cause of anemia, immunodeficiency, myelodysplasia, myeloid leukemia, and lymphoid malignancies among domestic cats.14 Of the three FeLV subgroups (designated A, B, and C), subgroup A viruses are found in all infected cats, tected during the first 4 to 5 weeks after recharge. In contrast, greater numbers of NAC and nonadherent CFU-GM were found from weeks 5 to 12 after recharge. When FeLVinfected stromal cultures were recharged with MMNC from a cat heterozygous for the X-chromosome-linked enzyme glucose-6-phosphate dehydrogenase (G8-PD), the percentage of nonadherent CFU-GM expressing the domestic type G-6-PD isoenzyme remained stable over time (mean % domestic [%d], 53% f: 3%). and was equivalent to that of nonadherent CFU-GM maintained in uninfected cultures (mean %d, 56% f: 3%). indicating that clonal drift or clonal selection was not responsible for the enhanced maintenance of CFU-GM. Furthermore, as only 10% to 20% of recharged hematopoietic cells became infected with FeLV in vitro, it is unlikely that the altered pattern was due to progenitor infection. We hypothesize that the increase in NAC and nonadherent CFU-GM in FeLV-infected cultures resulted from enhanced growth factor production by stromal cells. The two-step LTMC system may facilitate the characterization of stromalderived factors that affect progenitor cell engraftment and proliferation. o 1992 by The American Society of Hematology.
and likely represent the prototypic, minimally pathogenic infectious virus in nature. 15 Cats viremic with FeLV, subgroup A, may develop disease after in vivo recombination events generate highly pathogenic, replication-competent viruses (eg, subgroup B and C FeLVs) or oncogenecontaining, defective FeLVs.16 In addition, it is likely that FeLV subgroup A indirectly contributes to cytopenias and leukemia through effects on the immune system and possibly accessory cells in the marrow mi~roenvironment.~~,~~ Feline pure red blood cell aplasia is uniquely associated with FeLV subgroup C infection.
In these studies, we defined a two-step feline LTMC system and assessed the competence of marrow stromal cells infected with FeLV subgroup A or subgroup C to maintain hematopoietic progenitors in vitro. In initial studies, the stromal cells present in the adherent layers of primary uninfected LTMCs were characterized by histochemical and immunohistochemical techniques. Then, the ability of 3-week-old irradiated LTMC stromal layers to maintain progenitors was assessed by weekly determinations of the numbers of nonadherent cells and nonadherent 652 LINENBERGER AND ABKOWITZ erythroid progenitors (BFU-E) and granulocyte/macrophage progenitors (CFU-GM) after recharge with fresh marrow cells. Next, stromal cultures were established from marrow infected with FeLV and the host cell range of infection was determined. Progenitor cell maintenance was then assessed in FeLV-infected stromal cultures recharged with uninfected marrow progenitors. In additional experiments, FeLV-infected and -uninfected stromal cultures were recharged with marrow cells from cats heterozygous for the X-chromosome-linked enzyme glucose-6-phosphate dehydrogenase (Gd-PD). The percentage of nonadherent CFO-GM that expressed domestic-type G-6-PD was determined each week to assess clonal contributions to hematopoiesis in vitro.
MATERIALS AND METHODS
All domestic and G-6-PD heterozygous cats used in this study were obtained from breeding colonies at Washington State University and were transferred to the University of Washington after weaning. The G-6-PD heterozygous cats (Safari cats) were F1, female offspring of a Geoffroy cat (Leopardus geofiqi) male and a domestic cat (Feh cutus) female. The G-6-PD gene, located on the X-chromosome, encodes electrophoretically distinct isoenzyme types in these two cat species; therefore, female Safari cats are obligate heterozygotes for this enzyme. Peripheral blood was obtained from these animals by jugular venipuncture and marrow cells were aspirated from the proximal humeri or femurs after anesthesia with ketamine.
Initial LTMC studies used a total of eight uninfected domestic and Safari cats that were 6 to 18 months of age. Infected marrow stromal cells, used in LTMC recharge studies, were obtained from two cats viremic with FeLV-A/61E (no. 40681 and 40816) and one cat viremic with FeLV-C/Sarma (no. 40814). Uninfected, control marrow stromal cells were obtained from two age-matched animals (no. 40682 and 40807), while uninfected, enriched marrow mononuclear cells, used as recharge inocula in these studies, were from two cats (no. 40706 and 40807). FeLV-A/61E is a molecularly cloned virus with minimal pathogenicity1s that was passaged in feline fibroblasts (obtained from Julie Overbaugh, University of Washington, Seattle, WA). FeLV-C/Sarma18-20 was derived from the supernatant of FEF-C cells (obtained from Os Jarrett and David Onions, Glasgow, Scotland). Intraperitoneal inoculations of viral supernatant containing 2 x 105 focus-forming units (ffu) per kg of FeLV were given on days 0 and 3, and subcutaneous methylprednisolone, 5 mglkg, was given on days -3, 0, 3, 5, 7, and 10. Persistent viremia was demonstrated by detecting serum FeLV gag-related antigens, using an enzyme-linked immunoadsorbent assay (ELISA) (IDEXX, Portland, ME). All infected cats were studied at least 11 weeks after the last dose of methylprednisolone. More than 90% of the early (BFU-E) and late (CFU-E) erythroid progenitors, and more than 65% of CFU-GM were infected with FeLV, as determined by antibody and complement lysis, by methods previously described.18 Despite persistent viremia with FeLV-A/61E, these cats remained healthy, with normal peripheral blood counts. Also, frequencies of BFU-E, CFU-E, and CFU-GM were normal (data not shown), while thymidine suicide assays19 showed that the cell-cycle kinetics of these progenitors were not altered by FeLV-A/61E infection. For example, the percentages of progenitors from cat 40681 in the S-phase of the cell cycle were: CFU-E, 54% f 8%; BFU-E, 27% f 8%; and CFU-GM, 31% f 8%; while the percentages of progenitors from a normal (uninfected) cat (40682) studied simultaneously were CFU-E, 44% f Study animals and in vivo FeLV infection.
7%; BFU-E, 25% f 4%; and CFU-GM, 28% f 5% (all P values > .OS, by chi-square analysis). The cat viremic with FeLV-C/ Sarma was anemic at the time of study and had an absence of marrow CFU-E. The peripheral white blood cell count, platelet counts, and the frequency of CFU-GM in the marrow were normal. These findings are characteristic of the pure red cell aplasia that develops after infection with this virus.19 LTMC techniques. The first step of the two-step LTMC system involved establishing adherent layers of stromal cells from marrow buffy-coat cells (BCC). Feline BCC were isolated from undiluted, heparinized marrow by centrifugation in 5-x 75-mm glass tubes at 6OOg for 10 minutes. Contaminating red blood cells were removed from the BCC by hypotonic lysis, followed by washing in Hank's balanced salt solution (HBSS; GIBCO, Grand Island, NY). Five millioh BCC were then cultured in 25-cm2 flasks (Falcon, Becton Dickinson, Lincoln Park, NJ) in 10 mL Iscove's modified Dulbecco's medium (IMDM; GIBCO) containing 12.5% heat-inactivated fetal calf serum (FCS; Hyclone, Logan, UT), 12.5% heatinactivated horse serum (Hyclone) (found to be nontoxic to hematopoietic progenitors in screening assays), 400 mg/L glutamine, 1% penicillin/streptomycin/fungizone (PSF; GIBCO), mol/L P-mercaptoethanol, 40 mg/L myo-inositol (Sigma, St Louis, MO), 10 mg/Lfolic acid (Sigma), 0.26% sodium chloride (to increase media osmolarity to approximately 370 mOsmol), and mol/L hydrocortisone 21-hemisuccinate (sodium salt; Sigma). Flasks were incubated at 37°C in 5% C02/95% air, and each week one half the volume of media was exchanged with fresh media. Identical inocula of BCC were cultured in 4-well chamber slides (Lab Tek, Nunc, Naperville, IL), and stromal layers established in these cultures were used for cytochemical and immunohistochemical studies. The hydrocortisone concentration of the media was adjusted to yield stromal layers with 10% to 20% of the area occupied by fat cells. At 3 to 4 weeks, stromal cultures intended for recharge were irradiated with 1, OOO cGy (13'Cs irradiator; 209 cGy/min), a dose determined in preliminary studies to be effective in killing residual hematopoietic progenitors without altering the morphologic or functional integrity of the stroma.
The second step of this LTMC system involved the recharge of the confluent, irradiated 3-week-old stromal layers with fresh light-density marrow mononuclear cells (MMNC) enriched for erythroid and granulocytelmacrophage progenitors. Hedarinized marrow was diluted 1:3 (vo1:vol) in HBSS and separated first by centrifugation at 4oOg for 20 minutes over a layer of Percoll (Sigma) at a density of 1.070 g/mL. The isolated 1.070 MMNC were washed in HBSS, resuspended in IMDM with 10% FCS, and divided into equal aliquots for a second separation over three separate Percoll step-gradients of 1.050/1.070, 1.055/1.070, and 1.060/1.070 g/mL, respectively. The recovered 1.050, 1.055, and 1.060 MMNC were washed in IMDM, counted, and added separately with 10 mL fresh LTMC media (same media as that used for stromal cultures) to irradiated stromal layers at 2 to 4 x 106 MMNC per flask. In control experiments, enriched MMNC were added to 25-cm2 flasks without pre-formed stromal layers to assess the survival of these progenitors on plastic. In preliminary studies, sequential eercoll step-gradient separations were found to enrich the frequencies of CFU-E, BFU-E, and CFU-GM by twofold to threefold over the frequencies of these progenitors in the initial 1.070 MMNC population (data not shown).
After recharge, the LTMCs were maintained at 37°C in 5% C02/95% air with weekly one-half volume media changes and NAC demidepopulation. The number of viable NACs was determined by counting in trypan blue, and the total numbers of BFU-E and CFU-GM in the NAC fraction of each culture were determined by colony growth in methylcellulose culture. Weekly methylcelluto For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From FELINE LONG-TERM MARROW CULTURE STUDIES 653 lose cultures were established by methods previously described,20 using concentrations of recombinant human erythropoietin (Amgen, Thousand Oaks, CA) and heat-inactivated conditioned media from feline embryonic fibroblasts infected with FeLV-A/Glasgow-121 to maximize BFU-E and CFU-GM growth. Cytospin preparations of weekly NAC samples were stained with Wright-Giemsa for morphologic assessment.
Cytochemical stains, indirect immunofluorescence assays (IFA), and phase-constrast microscopy were used to characterize the 3-week-old LTMC stromal cell population grown on chamber slides. Staining for intracytoplasmic acid phosphatase, alkaline phosphatase, a-naphthy1 acetate esterase (nonspecific esterase, NSE), and myeloperoxidase (MP) was performed after appropriate fixation, according to the recommendations supplied by the manufacturer of commercially available kits (Sigma), with the exception that the staining time for NSE was doubled (to 60 minutes). Smears of fixed feline peripheral blood and marrow were used as positive controls for these stains. Antibodies against extracellular matrix products were screened for cross-reactivity to cat cells and matrix by the specific immunofluorescence staining patterns on methanol-fixed sections of feline kidney. Feline cross-reactive antibodies were used, at the appropriate dilutions, with fluorescein-conjugated second antibodies on methanol-fixed 3-week-old LTMC stromal layers. These antibodies included goat anti-type I collagen (human and bovine), goat anti-type 111 collagen (human and bovine), goat anti-type IV collagen (human and bovine) (all from Southern Biotechnology Associates, Birmingham, AL); rabbit anti-fibronectin (rat) and rabbit anti-laminin (rat) (both from Chemicon International, Temecula, CA); a murine monoclonal antibody that reacts with actin in cardiac, skeletal, and smooth muscle (human) (HHF; a gift from Allen Gown, University of Washington)22; and rabbit anti-von Willebrand Factor (human) (a gift from Gerald Roth, Seattle VA Medical Center). The phase-contrast morphologies of individual cells were correlated with the immunofluorescence staining patterns to permit phenotypic identification of stromal cells by phase-contrast microscopy alone.
FeLV-infected and control uninfected LTMC stromal layers were simultaneously established in flasks and chamber slides using marrow BCC obtained from chronically viremic (no. 40681, 40816 , and 40814) and uninfected control (no. 40682 and 40807) cats. At 3 weeks, the layers were evaluated for the frequencies of stromal cell phenotypes, the extent of FeLV infection among the stromal cells, and the ability of the layers to support allogeneic recharged progenitors from unrelated domestic or Safari cat.
Stromal cell phenotypes present in 3-week-old FeLV-infected LTMC stromal layers were identified by methods described above. Indirect IFA was also performed to detect cytoplasmic FeLV gag antigens and thereby determine the percentage of infected stromal cells, using methods similar to those previously described." Briefly, stromal layers grown on chamber slides were fixed with absolute methanol (10 minutes at room temperature), washed with phosphate-buffered saline (PBS) with 0.5% bovine serum albumin (BSA), and incubated for 30 minutes at 37°C with goat antiserum against FeLV gag proteins (predominantly p27) (a gift from Edward Hoover, Colorado State University, Fort Collins, CO) at dilutions of 1:20 to 1:60. Higher dilutions were required to minimize nonspecific staining by stromal macrophages. After three 10-minute washes in PBS/BSA, the slides were incubated for 30 minutes at 37°C with a 1:30 dilution of dichlorotriazinylaminofluorescein (DTAF)-conjugated rabbit anti-goat IgG F(ab')2 fragments (Accurate Chemical and Scientific, Westbury, NY), washed in PBS/BSA three times, mounted in gelvatol, and evaluated with a Characterization of LTMC stromal celh.
Studies of FeLV-infected stroma.
Leitz Wetzler Ortholux I1 microscope with a Ploempak 2.2 vertical fluorescence illuminator (E. Leitz, New York, NY). Control slides included uninfected stroma incubated with anti-gag antiserum and infected stroma incubated with nonimmune goat serum.
To assess the ability of infected stromal layers to support hematopoiesis, 3-week-old irradiated stromal cultures were recharged with enriched MMNC from an uninfected donor cat (no. 40706 or 40807). The numbers of total NACs and nonadherent BFU-E and CFU-GM were determined weekly. These results were compared with those from simultaneously studied control cultures containing uninfected stromal cells. Cytospin preparations of NACs from flasks with FeLV-infected stroma were evaluated by IFA with anti-gag antiserum to determine if recharged hematopoietic cells were infected in vitro.
G-6-PD analysis of hematopoieticprogenitors maintained in LTMC. In other experiments, FeLV-infected and -uninfected LTMC stromal layers were recharged with enriched MMNC from female Safari cats, and the numbers of tlonadherent CFU-GM expressing domestic (d) and Geofioy (G) G-6-PD types were determined over time. Each week, 35 to 40 CFU-GM-derived colonies (grown from NACs demidepopulated from recharged stromal cultures) were individually picked, lysed by freeze-thaw on dry ice, subjected to isoelectric focusing on polyacrylamide gels, and stained for functional G-6-PD activity, by methods previously described.% The percentage of d progenitors (number of colonies expressing d-type G-6-PD divided by the total number expressing d-and G-type G-6-PD, x 100) was calculated each week for identically recharged FeLV-infected and -uninfected stromal cultures to assess if clonal drift or clonal selection occurred under these conditions.
RESULTS
Maintenance of feline hematopoietic progenitors on preformed stromal layers. By adapting methods from prior feline LTMC conditions were defined that proved essential for reproducible and optimal maintenance of allogeneic progenitors recharged onto 3-week-old marrow stromal layers. First, the concentration of hydrocortisone in the primary stromal cultures required weekly adjustment, from to loe6 mol/L, to achieve a fat cell frequency of 10% to 20%. Both the absence and overabundance of fat cells were associated with poor maintenance of recharged progenitors. Second, irradiation of the stromal cultures with 1, OOO cGy before recharge increased engraftment and maintenance of recharged progenitors. Although stromal irradiation was performed to eradicate residual hematopoietic progenitors, it might also enhance the system by stimulating growth factor production by stromal cells26 and/or preventing the overgrowth of stromal fibroblasts and macrophages. Third, long-term maintenance of progenitors required a recharge inoculum highly enriched for BFU-E and CFU-GM, as recharge with either fresh BCC or 1.070 MMNC yielded nonadherent CFU-GM for only 4 to 6 weeks, and BFU-E for only 1 week (data not shown).
Other culture conditions were tested but did not significantly affect the quality or longevity of the two-step feline LTMC system. These included the use of autologous versus allogeneic recharge inocula, incubation at 33"C, and biweekly demidepopulation or weekly whole-volume media changes.
At 1 to 2 weeks after recharge, small "hematopoietic
org From
islands" became visible within the stromal layers. These islands enlarged over the next few weeks (Fig 1) and persisted during the life-span of the cultures. Similar to LTMC systems in other species, the cells in these islands appcared to grow among or under the confluent stromal cells, as suggested by thcir dark appearance under phasecontrast microscopy (Fig 1) . Wright-Giemsa-stained hematopoietic islands showed cells that resembled myeloblasts and myelocytcs, with a few maturc myeloid cells. The NAC fraction of recharged cultures initially contained a predominance of neutrophils with fewer myeloid precursors and macrophages. As the cultures declined, macrophages became the predominant NAC type.
Typical numbers of NACs and nonadherent progenitor cells detected each week after recharge of stromal cultures are illustrated in Fig 2. In most experiments, flasks recharged with 1.060 MMNC generated higher numbers of weekly NACs and maintained nonadherent CFU-GM the longest (Fig 2A and C) . In contrast, maximal support of BFU-E was always achieved in flasks recharged with 1.050 MMNC (Fig 2B) . As erythropoietin was not added to these LTMCs, CFU-E were never maintained for more than 1 Weeks Post Recharge Weeks Post Recharge week (data not shown), similar to LTMC systems in other specie^.^,*^ When identical inocula of enriched MMNCs were added to plastic flasks that did not contain an irradiated pre-formed stroma, BFtJ-E were maintained for less than 2 weeks and CFU-OM for less than 4 weeks (see example in Fig 5) .
Morphologic features, including cell size, nuclear/cytoplasmic (N/C) ratio, cytoplasmic granules, and lipid vacuoles, were useful in differentiating four stromal cell types: fibroblastoid cells, macrophages, fat cells, and myeloid precursor cells (Table  1) . Fibroblastoid cells covered up to 80% of the stromal area, while macrophages and fat cells often appeared in focal aggregates and accounted for 20% to 50% of the adherent cells overall. Stromal layers grown in the absence of hydrocortisone usually did not contain fat cells. Three-
Characteristics of feline LTMC stromal cells.
week-old stromal layers (before irradiation) rarely contained small islands of myeloid precursor cells.
Cytochemical studies showed that marrow stronial fibroblastoid cells, fat cells, and macrophages all contained acid phosphatase activity and were negative for alkaline phosphatase. Stromal macrophages did stain heavily for a-naphthy1 acetate esterase (NSE). The stromal-associated myeloid precursors were positive for alkaline phosphatase and myeloperoxidase (Table 1) .
Stromal cells were further characterized with immunofluorescence studies. Collagen types I and 111, and fibronectin (Fig 24 through D) were found both intracellularly and in the extracellular matrix between confluent fibroblastoid cells, similar to that described for both murine and human marrow-derived fibroblasts.z Stromal macrophages did not express any of these antigens. Endothelial cells were not Abbreviations: NIC, nuclearlcytoplesmic ratio; Acid0, acid phosphatase; Alk0, alkaline phosphatase; MP, myeloperoxidase; NSE, nonspecific esterase (a-naphthyl acetate esterase); Coll 1,111, IV, collagen types 1,111, IV; FN, fibronectin; L, laminin; vWF, von Willebrand factor; Act, muscle actin microfilaments; +,present in cytoplasm; -,absent in cytoplasm.
Tells containing actin microfilaments were infrequent and difficult to identify by morphologic criteria alone; therefore, coexpression of other cell products was not defined.
detected in IFA studies using antibodies against the endothelia1 cell-specific antigens collagen type IV, laminin, and von Willebrand factor.
A fifth cell type accounted for 1% to 2% of the stromal cells and was identifiable only by the presence of intracytoplasmic muscle actin microfilaments (Fig 3E and F) . This polygonal cell was two to three times larger than the spindle-shaped fibroblastoid cells and was found overlaying fibroblastoid cells and macrophages. Morphologically, these cells resemble both a murine stromal cell, called a blanket High NIC cell$ and a human LTMC stromal cell type that is distinct from marrow fibroblasts.= Studies of stromal layers established j h m FeLV-infected marrow. To study the host cell range of FeLV within the feline hematopoietic microenvironment, LTMC stromal layers established from marrow BCC from cats viremic with FeLV-A/61E were evaluated at 3 weeks. The growth pattern, morphologic appearance, and distribution of stromal cell phenotypes within these confluent layers were no different from cultures simultaneously established from For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From uninfcctcd cat marrow BCC. Collagcn typcs I and 111 and fibroncctin wcrc found both in thc cytoplasm of the fibroblastoid cells and in the cxtraccllular matrix. Infrcqucnt polygonal cells containing intracytoplasmic musclc actin wcrc also found in FcLV-infcctcd stromal laycrs. As in uninfcctcd culturcs, thcrc was no cvidcncc of cndothclial cells by IFA studies. Stromal laycrs dcrivcd from thc cat viremic with FcLV-C/Sarma also grcw as cfficicntly as uninfcctcd stroma, with an cquivalcnt distribution of macrophages and fibroblastoid cells. Howevcr, thc desired fat ccll formation in these cultures rcquircd a constant, highcr concentration (lo-' mol/L) of hydrocortisone. Using goat anti-gag antiserum, IFA of 3-wcck-old cultures showcd that (Fig  4) . Also, FcLVgag antigcn was continuously released into thc mcdia of thc infcctcd stromal culturcs, as detected by ELISA.
Maintenance of hematopoietic progenitors on FeL Vinfected stromal layem. To dctcrminc if FcLV infection affccts thc ability of marrow stromal cells to support hcmatopoictic progcnitors, idcntical inocula of enriched MMNC wcrc rcchargcd onto irradiated FcLV-infected or -uninfcctcd 3-wcck-old stromal layers. Altered patterns of NAC production and nonadhcrcnt progenitor ccll maintcnancc were observed in the LTMCs containing stroma FeLV-C/Sarma (one cat). As illustrated in Figs 5A, 6A, and 7A, the numbers of NACs at weeks 2 to 5 after recharge were less in FeLV-infected cultures, but thereafter were equivalent to, and greater than, the weekly numbers of NACs in the uninfected cultures. A similar pattern was observed in the weekly numbers of nonadherent CFU-GM, with fewer progenitors detected during the first 4 to 5 weeks after recharge, but with more than twofold greater numbers detected after this time ( Figs 5C, 6B, 7B) . Nonadherent BFU-E were detectable for only 3 to 5 weeks after recharge with 1.050 MMNC, but they were found at significantly lower numbers in cultures infected with FeLV-A/61E ( Fig  5B) . Stromal cultures infected with FeLV-C/Sarma were not recharged with 1.050 MMNC; therefore, BFU-E maintenance was not assessed.
To determine if recharged hematopoietic cells were infected with FeLV in vitro, IFA for cytoplasmic gag protein was performed on NAC cytospin preparations from flasks infected with FeLV-A/61E. At weeks 1,3, and 5 after recharge, NAC were predominantly neutrophils and myeloid precursors, and only 10% to 20% were infected. Studies were not performed after this time, as most NACs were macrophages, and these could derive from either the recharged cells or the primary stromal layer.
Studies of the clonal origin of progenitors maintained on FeLV-infected and -uninfected stromal layers. Enriched MMNC from a female Safari cat were recharged onto irradiated, FeLV-infected and -uninfected 3-week-old marrow stromal layers and the percentage of nonadherent CFU-GM expressing domestic-type G-6-PD (%d) was determined each week. Similar to results described above, cultures infected with FeLV-A/61E yielded increased numbers of NACs and nonadherent CFU-GM at weeks 5 to 12 after recharge. In two separate experiments, one of which is illustrated in Fig 8, the percentages of nonadherent CFU-GM expressing d-type G-6-PD remained equivalent to the input inocula. There was no significant difference between the G-6-PD phenotypes maintained on uninfected stroma (mean %d, 56% & 3%) and stroma infected with FeLV-A/61E (mean %d, 53% -C 3%; Fig 8) . Furthermore, the weekly variations about the mean %d were not signifi- weeks probably arise from progenitors engrafted in the stromal layer, the stable %d indicates that significant numbers of both d-and G-type early progenitors were still present at 8 to 10 weeks after recharge.
DISCUSSION
Maintenance of hematopoiesis in vitro requires a culture system that mimics the marrow microenvironment by providing adherent cells capable of supporting the proliferation of progenitors without inducing their terminal differentiation. Such LTMC systems have been developed for many species.4-m . 2 9 Our objectives in this study were to develop and characterize a feline LTMC system which could then be used to evaluate the effects of FeLV on the marrow microenvironment. Previous methods for feline LTMC were not optimal, as CFU-GM could be maintained for only 5 weeks.25 In the present study, a two-step system was developed which supported nonadherent BFU-E for up to 5 weeks and maintained nonadherent CFU-GM for up to 12 weeks in vitro (Fig 2) . Even under these optimized conditions, a logarithmic decline in the numbers of NACs and nonadherent BFU-E and CFU-GM were observed within a few weeks of recharge, similar to patterns of progenitor maintenance reported for human LTMC,6J1,30 and in contrast to the prolonged maintenance of progenitors in murine LTMC.27,29 The major cell type found in feline marrow stromal layers was a spindle-shaped fibroblastoid cell that stained positively for acid phosphatase and produced fibronectin and collagen types I and 111. This phenotype is similar to cultured murine and human marrow fibroblast ce11s,28,30,31 and to feline marrow fibroblasts derived from colonyforming cells.32 Fat cells were present in the stromal cultures established in the presence of hydrocortisone, and these accounted for 10% to 20% of the stromal cells. The fat cell morphology, N/C ratio, and occasional appearance of intracytoplasmic fibronectin and collagen types I and I11 suggested that these cells and the fibroblastoid cells might be derived from a common precursor. Feline stromal macrophages were distinguishable by their granular cytoplasm and low N/C ratio. These cells stained positively for acid phosphatase and a-naphthyl acetate esterase, and were negative for collagen, fibronectin, laminin, von Willebrand Factor, and muscle actin. Macrophages occupied 10% to 30% of the stromal area, but became more frequent in recharged cultures as hematopoiesis progressively declined, similar to the pattern described in human LTMC6 A unique polygonal-shaped stromal cell that contained intracytoplasmic actin microfilaments was also detected (Fig 2E  and F) . These cells were two to four times larger than the fibroblastoid cells and macrophages, which they often overlaid, and they accounted for only 1% to 2% of the stromal cell population. The tendency of these large cells to overlay other stromal cells resembles a cell found in murine Significant amounts of fibronectin and lesser amounts of collagen types I and I11 were detected in the ECM of the feline stromal layers. Extracellular matrix products found in murine and human LTMC include these proteins, as well as laminin, type IV ~l l a g e n , 3~ and glycosaminoglycan^.^.^^ These molecules serve important structural functions, but also likely play specific roles in intercellular adhesion, progenitor cell homing and lodgement, and sequestration of secreted hematopoietic growth factors within the microen~i r o n m e n t .~~ ?oa . ability of the stroma to support hematopoiesis. These studies used molecularly cloned FeLV-A/61E15 and biologically cloned FeLV-C/Sarma.18,20 These retroviruses contain no known oncogenes or trans-activating genes. Marrow stromal layers established from cats chronically viremic with these FeLVs were morphologically and phenotypically equivalent to uninfected stromal layers, but at least 80% of the fibroblastoid cells and 90% of the stromal macrophages were infected. After recharge, altered patterns of hematopoiesis were repeatedly seen in FeLV-infected cultures compared with recharged, uninfected cultures (Fig 5 through  7) . Nonadherent BFU-E were detected at significantly lower numbers in FeLV-infected cultures for the 5 weeks they were supported (Fig 5B) . The numbers of NACs and nonadherent CFU-GM in FeLV-infected cultures were also lower at times during the first 4 to 5 weeks postrecharge. However, over the next few weeks, this pattern reversed, and the output of NACs and nonadherent CFU-GM exceeded that of identically recharged, uninfected cultures (Figs 5 through 7). It is unlikely that progenitor infection could explain the altered patterns of growth, as only a few (10% to 20%) recharged hematopoietic cells became infected with FeLV over the first 5 weeks in vitro. In addition, CFU-GM infected in vivo with FeLV-A/61E or FeLV-C/Sarma19 have normal cell-cycle kinetics and in vitro growth. Recharge experiments using enriched MMNC from a G-6-PD heterozygous cat demonstrated similar patterns of hematopoiesis, and the percentages of nonadherent CFU-GM expressing d-type G-6-PD was unchanged over the 10 weeks they were assayed in the FeLV-infected cultures (Fig 8) . Taken together, these data suggest that the alterations in progenitor maintenance and NAC production were not a direct consequence of progenitor infection by FeLV in vitro, nor were they due to clonal selection or clonal dominance. Rather, these patterns likely reflect altered growth regulation by the FeLV-infected marrow stromal cells.
Decreased numbers of NACs and nonadherent progenitors in FeLV-infected cultures during the first few weeks after recharge wuld be due to the production of inhibitory substances by infected stromal cells. Tumor necrosis factor-cu (TNF-a) or other substances that inhibit the growth of progenitors (particularly BFU-E) in vitro38 might be produced by macrophages as a direct response to FeLV infection, or indirectly, in response to other FeLV-induced cytokines such as interleukin-1 (IL-l).39 Since the NACs and nonadherent CFU-GM detected after 5 weeks post recharge are likely derived from stromal-associated progenitors, it is possible that these cells, and their progeny, are "sheltered" from soluble inhibitory substances, or that the growth-promoting influences within the stroma outweigh the inhibitory substances. Alternatively, the balance of positive and negative factors derived from FeLV-infected stroma could change over time after recharge.
FeLV-C/Sarma, like FeLV-A/61E, infects all hematopoietic progenitors in vivo; however, it causes a selective block in erythroid differentiation, resulting in pure red cell a p l a~i a .~~,~ The maintenance of BFU-E in this culture system is currently suboptimal, and therefore it was not possible to further address an erythroid-specific effect of marrow stromal infection by the two strains of FeLV tested. Our data do indicate that stromal cells infected with FeLV-C/Sarma have an enhanced ability to support CFU-GM, similar to the effect of FeLV-A/61E, suggesting that this viral-mediated effect on the marrow microenvironment is subgroup nonspecific. As the major differences between FeLV subgroups A and C occur in the envelope gene regions and the envelope glycoprotein (gp70) products (reviewed in ref 16), it is unlikely that this stromal effect is mediated by the gp70 molecule.
The enhanced ability of FeLV-infected marrow stromal cells to maintain CFU-GM in LTMC 5 to 12 weeks after recharge could be due to increased production of stimulatory factors. Such a mechanism has been described in murine and feline cells infected with non-oncogenecontaining retroviruses. For example, murine marrow macrophages infected with ewtropic murine leukemia virus (MuLV) produce granulocyte/macrophage colony-stimulating activity.@ Furthermore, feline embryonic fibroblasts infected with either subgroup A or subgroup C FeLVs produce high levels of multilineage colony-stimulating activity?' This latter study supports our observations and hypothesis that enhanced growth factor production could be induced by different FeLV subgroups. In FeLV-infected cats, growth factor production would provide a proliferative stimulus that could facilitate the generation of recombinant, pathogenic viruses, and could promote the emergence of a leukemic clone (from the pool of infected hematopoietic cells).
An alternative explanation for our LTMC data is that FeLV induces changes in the marrow microenvironment that enhance engraftment and/or self-renewal of progenitors within the stroma. Thus, the progenitor population would shift from the nonadherent cell fraction to the stroma early after recharge and their progeny would account for the increased number of CFU-GM and NACs detected later.
In conclusion, infection of feline marrow microenvironmental cells with either FeLV-A/61E or FeLV-C/Sarma does not alter the morphologic or phenotypic appearance of these cells; however, it does enhance their ability to support hematopoietic progenitors in vitro. These findings suggest that infected marrow stromal cells may play a role in the pathogenesis of FeLV-induced hematologic diseases.
